Introduction {#S5}
============

Neonatal hypoxic-ischemic encephalopathy (HIE) involves complex processes of energy depletion, inflammation, necrosis, apoptosis, and altered development of connectivity after injury ([@R1] -- [@R4]). Clinical trials of therapeutic hypothermia have consistently demonstrated reductions in risk of death or impairment; however, the incidence of impairment among surviving cooled infants in clinical trials has consistently been between 40--50% ([@R5]). Uncovering associations between genetic variants and risk of adverse outcome after hypoxic-ischemic injury could lead to identification of mechanisms that could be targeted to further improve outcomes.

Apolipoprotein E is the primary apolipoprotein produced in the brain ([@R6]). Three allelic variants of the APOE gene, e2, e3, and e4, deriving from two single nucleotide polymorphisms (SNPs), rs429358 (thymine, T or cytosine, C) and rs7412(C or T) result in single amino acid changes in the APOE protein ([@R7] -- [@R9]). Presence of the APOE e4 allele has been strongly associated with increased risk for Alzheimer's disease and poor neurologic outcome after traumatic brain injury and brain hemorrhage among adults ([@R9] -- [@R11]). The e4 allele has also been associated with persistence of the cognitive decline seen in adult patients following cardiac bypass surgery ([@R12]).

Previous case-control studies in children with cerebral palsy (CP), a morbidity that occasionally follows HIE, have demonstrated associations between the APOE e4 allele and increased severity of CP, microcephaly, and seizures ([@R13], [@R14]). These studies included both term and preterm infants with various forms of CP. In studies assessing APOE genotype and outcome among children with trauma and heart surgery, the e4 allele has been associated with CP, and worse neurodevelopmental outcome ([@R15]). The e2 allele has been associated with an increased risk for CP, worse neurodevelopmental outcome and behavior problems among infants with congenital heart disease ([@R16], [@R17]). APOE e3 is the most common allele and e3/e3 homozygous adults are more likely to survive and have better functional outcome following cardiopulmonary resuscitation compared with adults with the less common minor alleles e4 and e2 ([@R18], [@R19]).

No study has reported whether neurologic outcome, including cerebral palsy, among infants with moderate to severe neonatal HIE who survive to discharge is associated with the common variants in the APOE gene associated with neuropathology in adults and CP in younger patients. Because of the strong association between APOE alleles and neurologic outcome after injury in older populations, and the suggestive associations between CP and e2 and e4 alleles in pediatric patients following an array of prior conditions, we conducted a cohort study to assess association between APOE genotypes and neurologic and neurodevelopmental status at 18 -- 22 months among neonatal HIE survivors. We hypothesized that among 18 -- 22 month survivors of HIE, prevalence of disability would be lowest among those with e3/e3 genotype, and would be higher among infants carrying the APOE e2 or APOE e4 allele. We also included a secondary association analysis of prevalence of cerebral palsy for APOE e3/e3 homozygotes and carriers of e2 and e4 alleles. Because cooling has an impact on outcome after HIE, we also conducted an exploratory analysis to assess whether or not cooling influenced associations between APOE genotype and outcome.

Results {#S6}
=======

This candidate gene association study enrolled 147 subjects who were participating in the Network's randomized trial of hypothermia for neonatal HIE or the Network's study of amplitude integrated electroencephalography (aEEG) in infants with neonatal HIE. ([@R20], [@R21])The number of infants that were enrolled in the candidate gene study from the two main studies, and number lost to follow-up and the number that died prior to ascertaining the 18 -- 22 month outcome, are depicted in [Figure 1](#F1){ref-type="fig"}. Eight (5.4%) infants died before discharge and were not included in the association analyses, six within the first 4 postnatal days, and one at eight days and one at nineteen days. One hundred thirty-nine survivors had DNA samples obtained. Ten (7.2%) infants did not have complete information to define the primary outcome. One hundred twenty-nine infants ultimately had successful DNA extraction, APOE genotyping and survived to have adequate information from follow-up evaluations at 18 -- 22 months to determine the primary outcome.

The APOE study cohort appeared to be representative of the infants enrolled in the Network's Hypothermia and aEEG studies who survived to discharge and follow-up. Survivors in the APOE study who were successfully genotyped, including the 10 who did not have adequate information to define the primary outcome, did not differ in race/ethnicity or intrapartum complications from survivors from the aEEG and Hypothermia studies who were not enrolled in the APOE genotype study. There was good representation of infants who were classified as African-American, Caucasian and Hispanic in the APOE and the non-genotyped Hypothermia and aEEG study populations ([Table 1](#T1){ref-type="table"}). Infants in the APOE study cohort had higher Apgar scores at 10 minutes and more were cooled compared to infants from the two Network studies who were not enrolled in the APOE study (designated as "other survivors" in [Table 1](#T1){ref-type="table"}); however, there was no difference in the percentage of infants with moderate (81 vs. 80%) or severe (19 vs. 20%) encephalopathy in the two groups. ([Table 1](#T1){ref-type="table"})

Genotype Frequencies. Among the 139 infants who survived to discharge and had APOE genotypes determined, 10% carried an e2 and 29% an e4 allele. 62% had the APOE e3/e3 genotype. Surviving African-American infants had a higher prevalence of an e4 allele and a lower prevalence of the e3/e3 genotype than either Caucasian or Hispanic infants. ([Table 2](#T2){ref-type="table"})

Prevalence of Outcome for Each Genotype. 26% of the infants in the APOE study who survived to discharge had the primary outcome, moderate or severe disability. Only 2 infants had moderate disability and the rest were severely disabled. The prevalence of moderate or severe disability among infants with the APOE e3/e3 genotype did not differ significantly from those without this hypothesized protective genotype, nor did the prevalence of the primary outcome differ among those with and without the hypothesized risk alleles e4 or e2. ([Figure 2](#F2){ref-type="fig"}) In addition, no differences were found when separate analyses were carried out for infants of different races, with moderate or severe initial encephalopathy, or for infants cooled and not cooled.

Similar to what was noted with the primary outcome, the prevalence of Bayley II Mental Developmental Index (MDI) \<70 did not differ in the groups with and without the APOE e3/e3 genotype, or with or without an e4 or e2 allele ([Figure 3](#F3){ref-type="fig"}). The prevalence of moderate or severe CP was not significantly different between infants with and without the e3/e3 genotype or between those with or without an e4 or e2 allele ([Figure 4](#F4){ref-type="fig"}).

Discussion {#S7}
==========

This report is the first to test associations between APOE genotypes and neurologic outcome in a cohort limited to term infants who survived to discharge after neonatal HIE. Previous case -- control studies of pediatric populations reporting association between APOE genotypes and CP, a common outcome after HIE, did not target assessment of only infants with neonatal hypoxic-ischemic injury ([@R13], [@R14]). Our results demonstrate no association between APOE genotype and moderate or severe disability, or specifically with CP, in this more restrictive injury phenotype, and no modification from use of hypothermia.

Genetic epidemiology strongly supports associations between the e4 allele and Alzheimer's disease and poor prognosis after neurologic injury. The association between the e4 allele and Alzheimer's disease was uncovered using traditional linkage analysis and family studies ([@R22]). The association is seen even when unbiased approaches tested the e4 allele among millions of single nucleotide polymorphisms throughout the genome for association with Alzheimer's disease. (P=2.52 × 10^−53^) ([@R23]).

While the genetic epidemiology supporting links between APOE genotype and Alzheimer's disease is strong, tests of association between APOE e4 allele and CP among children have not been as consistent. Two recent reports ([@R24], [@R25]) of subjects with CP have not found the strengths of association found in the two earlier reports of association between CP and APOE genotype ([@R13], [@R14]). Wu et al reported results of association studies between candidate gene SNPs and cerebral palsy from a diverse, general population of 334,333 newborn infants from the Kaiser Permanente Health System, inclusive of healthy and sick infants. From this cohort, 138 cases of various types of CP and 165 controls were compared. APOE e4/e3 heterozygotes were associated with CP compared with e3/e3 homozygotes, odds ratio 1.7 (95% confidence interval 1.01--2.9) ([@R24]). In the second, more recent Australian case control study of children \> 5 years of age with CP, among 55 children with diplegia compared with 281 controls, the odds ratio for CP was 1.87 (95% Confidence Interval 1.03--3.40) for e4/e3 compared with e3/e3; however, among children with quadriplegia (n = 40) compared with controls (n = 249), odds ratio for CP for e2/e3 heterozygotes compared with e3/e3 was 0.23 (0.05--1.00).^27^ The authors of both studies concluded that due to the multiple comparisons with dozens of candidate SNPs, neither could claim that the associations with APOE genotype were significant; however, both were cautious in eliminating the possibility of genetic links with risk of CP, citing the importance of the potential impact of variation in injury type or risk phenotype as well as variation in the CP phenotype outcomes on their analyses ([@R24], [@R25]). A third study, also among a cohort of children with multiple CP phenotypes with a variety of potential etiologies, has found no associations between APOE genotypes and severity of CP, although prevalence of active epilepsy was higher among children with the e4 allele ([@R26]).

Mechanisms for the associations between APOE genotypes and Alzheimer's disease and poor outcomes after trauma and stroke in older populations are not definitively known. For Alzheimer's disease, the leading hypothesis is that protein variations caused by the different genotypes lead to differential effects of APOE on amyloid-β accumulation in the brain and its vasculature ([@R9]). For the associations with poor outcome after stroke or trauma, there is less certainty ([@R27]). Postulated mechanisms associated with the e4 allele in animal studies of various ischemic and traumatic brain injuries include less efficient transport of lipids important for repair and subsequent synaptogenesis, ([@R28])worse protection against oxidative injury ([@R29]), and more brain inflammation ([@R30], [@R31]). As oxidative injury, derangements in subsequent connectivity and inflammatory injury are all potential contributors to poor post hypoxic-ischemic injury outcomes ([@R4]), the e4 allele's association with these mechanisms raises suspicions that it would be similarly implicated in worse outcome after HIE. Our results in a small cohort of infants surviving to discharge after neonatal HIE with well-defined outcome phenotypes do not support this hypothesis.

Prevalence of moderate to severe disability in our small study cohort was 18% for those with e4 allele and 29% for those without the e4 allele. This difference was not significant. There is some speculation, however, that the e4 allele may be associated with benefits in younger populations. In a study assessing association between the presence of the e4 allele and severity of cerebral palsy in a population of children with cerebral palsy (61% preterm), there was a trend suggesting infants with one ε4 allele were more likely to be in the low severity group ([@R32]). Among children born and raised in poor areas of Mexico and Brazil, the e4 allele has been associated with better 2 year and later outcomes ([@R33], [@R34]). If APOE variants are truly protective early but contribute to risk of Alzheimer's later in life, the gene may obey the principle of antagonistic pleiotropy, such that despite potentially detrimental effects later in life, certain polymorphisms may be beneficial during critical periods of development when faced with environmental stress. ([@R27], [@R33]) Of note, population prevalence of the e4 allele in our racially mixed study population (29%) is higher than that reported from adult cohorts from multiple regions and ethnicities (2 -- 40%) ([@R35], [@R36]). Evidence points to APOE as a critical glial factor in synaptogenesis, which may also subsequently affect long-term synaptic plasticity ([@R37]). Wright et al postulate that if e4 promotes myelination, synaptogenesis, or other fatty acid/cholesterol-mediated processes associated with neurodevelopment, then the higher Bayley scores noted among the children in his study cohort may be due to protection against the adverse effects of neurotoxins on these processes by a mechanism related to as yet unknown differences in function in the peptide produced from the APOE gene with the e4 allele ([@R33]). An intestinal health related hypothesis has also emerged from a study of Brazilian indigent children with below-median height-for-age z-scores supplemented with retinol and zinc or both, plus glutamine supplementation. In the measures of intestinal barrier function and cognitive outcome, children lacking the e4 allele exhibited negative Pearson correlations between the change in lactulose-to-mannitol ratio over four months and verbal learning and non-verbal intelligence, regardless of receiving any of the 3 interventions. The authors speculate that there is an interaction between APOE genotype and gut trophic factors, which translates into better nutritional, and ultimately, neurocognitive, outcomes ([@R38]). Accumulation of larger cohorts of infants with HIE and available genetic samples and accurate neurologic and neurodevelopmental outcome phenotypes are needed to test this finding.

We have utilized our study population to get the most precise estimate possible of associations between APOE genotypes and alleles and outcomes for term infants with HIE. While our study is unique in that it included only infants with HIE, the small study population allowed only a limited number of exploratory tests of association and has limited statistical power to detect significant effects ([@R39], [@R40]). While the estimate may be precise, our findings should be interpreted with caution. A two to three times larger study population with similar proportions of allele frequencies and outcome prevalence among cases and controls would be needed to demonstrate significance with 90% power ([@R41]). In addition, the importance of accuracy of injury as well as outcome phenotype to studies of genetic association cannot be underestimated. While we believe the eligibility criteria based on neonatal encephalopathy is a strength of our study, some infants in the study cohort had acute, sentinel events consistent with sudden acute hypoxic-ischemic injury such as umbilical cord prolapse or uterine rupture, while others had encephalopathy at birth without perinatal sentinel events or with multiple intrapartum complications ([@R20]). Our study also includes only surviving infants. Our rationale for this is in part a practical one, as we did not ask consent for collecting samples for research DNA analysis in the acute first days and weeks of hospitalization, and, because of our focus on APOE genetic variance playing a role in recovery from moderate to severe injury. Significant differences may have been found in a larger cohort of patients, and if samples were collected at birth so that all infants who died, many of whom had severe encephalopathy, could have been included in the analyses. APOE may have more to do with susceptibility to initial injury rather than recovery from that initial injury and initial recovery.

Although our exploratory study did not reveal significant associations between APOE genotypes and outcomes after HIE, the lower prevalence of CP and MDI \< 70 among infants with the e4 allele is of interest, but requires testing in much larger cohorts with both accurate initial neonatal HIE and follow-up neurologic and neurodevelopmental phenotypes.

Conclusion {#S8}
==========

In this small cohort of surviving infants with neonatal HIE, there was no evidence for an association of the APOE e3/e3 genotype with improved neurodevelopmental outcome at 18 -- 22 months, or for an association between presence of either the APOE e2 or e4 allele and increased risk for neurodevelopmental disability. Additional studies are required to confirm these results and explore other potential genetic factors which may influence outcome after neonatal HIE.

Methods {#S9}
=======

Surviving infants with moderate or severe HIE enrolled in the Eunice Kennedy Shriver National Institute of Child Health and Human Development Neonatal Research Network (NICHD) therapeutic hypothermia study ([@R20]), and the NICHD study of utility of aEEG for prediction of outcome among infants with HIE were eligible ([@R21]). Eligibility criteria for these studies included gestational age of at least 36 weeks and birthweight above 1800 grams. Neonatal HIE was defined as described in the Hypothermia and aEEG studies. Eligibility criteria included a pH of 7.0 or less or a base deficit of 16 mmol/L or more in cord blood or blood gas during the first hour after birth. If, during this interval, a pH was between 7.01 and 7.15, a base deficit was between 10 and 15.9 mmol/L, or a blood gas was not available, additional criteria were required. These included history of an acute perinatal event (e.g., late or variable decelerations, cord prolapse, cord rupture, uterine rupture, maternal trauma, hemorrhage, or cardiorespiratory arrest) and either a 10-minute Apgar score of 5 or less or assisted ventilation initiated at birth and continued for at least 10 minutes. Once these criteria were met all infants underwent a standardized neurologic examination performed by a certified examiner. Infants were candidates for the study when moderate or severe encephalopathy or seizures were present ([@R20], [@R21]). Outcome at 18 -- 22 months was assessed by a standard neurologic exam and the Bayley Scales of Infant Development II performed by certified examiners ([@R20], [@R21]). Severe disability in the hypothermia study, and for this study, was defined as any one of the following: MDI\<70, Gross Motor Function Classification System (GMFCS) 3--5 (equivalent to moderate/severe CP), hearing impairment requiring aids or bilateral blindness. Moderate disability was defined as Bayley II MDI 70--84 plus any one of the following: GMFCS 2, hearing impaired with no aids or seizure disorder requiring anticonvulsants. The primary outcome for the association analyses was presence of either moderate or severe disability ([@R20], [@R21]).

For DNA collection and analysis, a buccal swab was used to collect DNA prior to hospital discharge or at follow-up. APOE genotypes were determined using restriction fragment length polymorphism measurements. DNA extraction and APOE genotyping was done at Duke. DNA was extracted from the buccal swabs and first amplified using oligonucleotide primers F4 (5′-ACAGAATTCGCCCCGGCCTGGTAcACAC-a3n'd) and F6 (5′-lAAGCITGGCACGGCTGn=cAAGGA-3′). Amplification products of APOE were then subjected to restriction enzyme HhaI digestion, as described by Hixson ([@R42]).

Because not every family whose infant was enrolled in the Network's Hypothermia or aEEG studies was approached for consent for the APOE genotyping study from the time of initiation of the Hypothermia or aEEG study, we compared demographics and perinatal characteristics and events between those enrolled in the genotyping study and those who were not. We used chi-square for categorical and t tests to compare the two groups.

For the primary analyses, we compared prevalence of the primary outcome, moderate or severe disability, among infants with and without the APOE e3/e3 genotype and with or without any e2 or e4 allele by Fisher's exact test. We also compared prevalence of the components of the primary outcomes, MDI\<70 and moderate/severe CP (GMFCS 3 --5), among infants with and without APOE e3/e3 genotype, and with and without the e2 or e4 allele. In separate exploratory analyses, we compared prevalence of outcomes for infants with and without the e3/e3 genotype or alleles (i) among infants of different races, to account for potential allele frequency differences among races, (ii) among infants with different levels of encephalopathy at enrollment and (iii) among infants cooled and those not cooled.

Informed consent was obtained and the study was approved by all sites' Institutional Review Boards (the list of sites is included in the Supplemental Appendix (online)), including the data coordinating center, RTI International (Research Triangle Park, NC). Because genetic information was generated, a Certificate of Confidentiality was obtained for this study by the data coordinating center.

**Disclosure**: The National Institute of Child Health and Human Development (NICHD) Neonatal Research Network (NRN) funded this trial. Principle Investigators and Research Coordinators received salary support as part of the Network grants at each site, and grant numbers are individually listed in the Supplemental Appendix (online).

No authors have financial ties to products in the study or potential/perceived conflicts of interest to disclose.

![Number of infants enrolled in the APOE candidate gene study from each of the two primary Network studies\
Follow up is defined as non-missing primary outcome (moderate or severe disability) among survivors.\
^a^ One infant was lost but was assigned primary outcome through adjudication; data are missing for other follow up outcomes.\
^b^ Among aEEG infants, 47 infants were followed but we were only able to assign primary outcome to 46 of them (one had the Bayley exam but was missing CP and hearing data). Ten infants did not have adequate information to allow determination of the primary outcome.](nihms548723f1){#F1}

![Prevalence of moderate/severe disability for infants of different genotypes\
For each genotype, white bars denote the percent of those with the genotype surviving with moderate to severe disability and black bars denote the percent without the genotype surviving with moderate to severe disability. Among 81 infants with APOE e3/e3 genotype and follow-up, prevalence of the primary outcome was 30%, and among the 48 infants not homozygous for e3/e3, prevalence was 19% (p = 0.21). Among 12 infants with the APOE e2 allele the prevalence of primary outcome was 25%, compared with 26% among the 117 infants without the e2 allele (p = 1.00). Among those with the APOE e4 allele (n = 38) the prevalence of the primary outcome was 18%, compared with 29% among the 91 without the e4 allele (p = 0.27).](nihms548723f2){#F2}

![Prevalence of MDI \< 70 among infants of different genotypes\
For each genotype, white bars denote the percent of those with the genotype surviving with MDI \< 70, and black bars denote the percent without the genotype surviving with MDI \< 70. Among 79 infants with APOE e3/e3 genotype and follow-up, prevalence of MDI \< 70 was 28%, and among the 49 infants not homozygous for e3, prevalence was 16% (p = 0.20). Among 13 infants with the APOE e2 allele the prevalence of primary outcome was 15%, compared with 24% among the 115 infants without the e2 allele (p = 0.73). Among those with the APOE e4 allele (n = 38) the prevalence of the primary outcome was 16%, compared with 27% among the 90 without the e4 allele (p = 0.25).](nihms548723f3){#F3}

![Prevalence of moderate to severe cerebral palsy among infants of different genotypes\
For each genotype, white bars denote the percent of those with the genotype surviving with moderate to severe cerebral palsy, and black bars denote the percent without the genotype surviving with moderate to severe cerebral palsy. Among 80 infants with APOE e3/e3 genotype and follow-up, prevalence of moderate to severe cerebral palsy was 14%, and among the 48 infants not homozygous for APOE e3, prevalence was 13% (p = 1.00). Among 12 infants with the APOE e2 allele the prevalence of moderate to severe cerebral palsy was 17%, compared with 13% among the 116 infants without the e2 allele (p = 0.66). Among those with the APOE e4 allele (n = 38) the prevalence of moderate to severe cerebral palsy was 11%, compared with 14% among the 90 without the e4 allele (p = 0.78).](nihms548723f4){#F4}

###### 

Survivors from Hypothermia and aEEG studies with and without genotype samples

  -----------------------------------------------------------------------------------------
  Characteristics                                         APOE cohort\   Other survivors\
                                                          N=139          N = 80
  ------------------------------------------------------- -------------- ------------------
  **Race/ethnicity**                                      **N (%)**      **N (%)**

   African-American                                       45 (32)        27 (34)

   Caucasian                                              48 (35)        29 (36)

   Hispanic                                               41 (30)        22 (28)

   Other                                                  5 (4)          2 (3)

  **Intrapartum complications**                                          

   Fetal heart rate decelerations                         97 (70)        61 (77)

   Cord prolapse                                          24 (17)        13 (16)

   Uterine rupture                                        16 (12)        7 (9)

   Maternal pyrexia                                       18 (13)        6 (8)

   Shoulder dystocia                                      16 (12)        10 (13)

   Maternal hemorrhage                                    7 (5)          7 (9)

  **Postpartum characteristics and events**                              

   Apgar \< 5 (10 min) [\*](#TFN1){ref-type="table-fn"}   75 (66)        58 (81)

   Intubation in DR                                       121 (87)       76 (95)

   CPR \>10 min                                           126 (91)       75 (94)

   No breathing \>10 min                                  72 (54)        48 (66)

   Seizures                                               55 (40)        32 (40)

   Moderate encephalopathy                                113 (81)       63 (80)

   Severe encephalopathy                                  26 (19)        16 (20)

   Cooling[\*](#TFN1){ref-type="table-fn"}                85 (61)        35 (44)
  -----------------------------------------------------------------------------------------

p \< 0.05

###### 

Distribution of apoE2 and E4 allele and 3/3 genotype by race/ethnicity

  APOE             Black N (%)   White N (%)   Hispanic white N (%)   Other N (%)   Total N (%)
  ---------------- ------------- ------------- ---------------------- ------------- -------------
  Any e2 allele    7 (16)        1 (2)         2 (5)                  4 (80)        14 (10)
  Any e4 allele    21 (47)       11 (23)       9 (22)                 0 (0)         41 (29)
  e3/e3 genotype   19 (42)       36 (75)       30 (73)                1 (20)        86 (62)
  total            47            48            41                     5             139
